Background: Long-term complications and a case mortality rate of 7.5% make meningitis caused by Streptococcus pneumoniae a serious clinical threat. In 2006, a general pneumococcal conjugate vaccination (PCV) recommendation was issued for all children under 2 years in Germany. Here, we investigate serotype changes in meningitis cases after this vaccine recommendation.
Background
Streptococcus pneumoniae is among the most important pathogens in bacterial meningitis worldwide [1] . Meningitis occurs in all age groups, with the peak of incidence during the first two years of life [2, 3] , especially during months 2-12 [3] [4] [5] . Case fatality rates in pneumococcal meningitis are high, ranging from 10% up to 60%, and are higher in adults than in children [6] . Among children in Germany, mortality rates of 7.5% have been reported [7] . Despite adequate antibiotic treatment, about half of the survivors show substantial long term morbidity, as reflected by persisting neurological deficits comprising cognitive impairment, seizures, hearing loss, and other handicaps [8] . Early clinical complications, such as lifethreatening increase of intracranial pressure, and late disease consequences in survivors, who frequently suffer from sustained neuropsychological impairment, contribute to the unfavorable outcome. However, the precise mechanisms of neurotoxicity are still largely unknown. Clearly, the capsular polysaccharide of S. pneumoniae contributes to pathogenicity [9] , and pneumococcal toxins (such as pore-forming pneumolysin or hydrogen peroxide) as well as excessive host immune responses have been suggested as harmful influencing factors [10, 11] . Indeed, recent studies have suggested the use of corticosteroids to limit excessive inflammatory reactions within the CNS [12] . However, regarding Streptococcus pneumoniae, regional epidemiologic features may affect the possible therapeutic benefit of corticosteroids [13] , emphasizing the relevance of a systematic description of the respective isolates.
In Germany, a general recommendation for pneumococcal conjugate vaccination for all children under two years of age was issued in July 2006. Initially, vaccination was performed with Prevenar® (PCV7). Beginning in April 2009, with licensing of higher-valent vaccine formulations, Synflorix® (PCV10) was used, and Prevenar 13® (PCV13), which replaced PCV7, was introduced in December 2009. All vaccination costs are fully reimbursed by health insurance companies and the choice of the vaccine lies with the parents/pediatrician. Uptake of the PCV7 vaccine was high and reached 80% one year after the vaccination recommendation. Uptake of PCV10 has been low, reaching 20% of total doses only in 2009, and decreasing afterwards. Current childhood vaccine uptake lies above 90%, of which 96% is PCV13. The 23-valent pneumococcal polysaccharide vaccine (Pneumovax 23®) is recommended for adults 60 years and older, and for at-risk patients ≥2 years of age.
Several studies have reported frequencies of pneumococcal serotypes and pneumococcal vaccine coverage in invasive pneumococcal disease (IPD), but little information is available on serotype distribution among meningitis cases from Germany. Experience from other European countries as reflected by the 2011 report of the ECDC as well as by separate studies from Spain [14] , England and Wales [15, 16] , and The Netherlands [17, 18] suggest a profound impact of PCV7 vaccination programs on the incidence of pneumococcal meningitis.
Moreover, in light of the emergence of antibiotic-resistant strains, the choice of first-line treatment represents an important epidemiological issue. Finally, the possible impact of the general recommendation of pneumococcal conjugate vaccination for children <2 years, introduced in Germany in July 2006, has not yet been investigated.
Here we analyzed serotype distribution, theoretical serotype coverage of pneumococcal vaccines, and antimicrobial susceptibility of all meningitis isolates that were sent to the German National Reference Center for Streptococci (NRCS) from July 1, 1992 to June 30, 2013.
Methods

Study design
The NRCS has conducted surveillance for IPD in Germany since 1992. In this study, a population-and laboratorybased approach was used to collect data about meningitis among children (<16 years) and adults (≥16 years) caused by Streptococcus pneumoniae. Isolates were sent to the NRCS by diagnostic microbiological laboratories throughout Germany on a voluntary basis [19] .
Invasive pneumococcal disease cases were defined as S. pneumoniae isolates from blood, cerebrospinal fluid (CSF) or any other normally sterile body fluid. Meningitis was primarily defined by the isolation of S. pneumoniae from cerebrospinal fluid (CSF). However, when meningitis was specified as the definite clinical diagnosis on the case form, and the samples originated from blood, these samples were also considered to represent meningitis cases, even if CSF from these patients was not received.
Microbiological diagnostic laboratories from all over Germany were requested to send isolates of invasive pneumococcal disease to the NRCS. Currently, over 300 laboratories participate, including the large, nationallyoperating commercial labs. Over the years, the surveillance system has been improved. In 2001, surveillance for adults was enhanced in North Rhine-Westphalia (22% of German population), as well as in Bavaria and Saxony in 2006. On each occasion, all laboratories in the respective federal states were approached and asked to send in isolates. In 2007, a web-based surveillance system (Pneumoweb) was set up in collaboration with the Robert Koch Institute. Pneumoweb enables the laboratories to report a case of IPD via an online reporting system, and at the same time, print the reported information to accompany the IPD isolate, which can then be sent to the NRCS. The web-based system resulted in a large increase in reported cases for adults, whereas the amount of cases for children remained at the same high level.
Cases were grouped per pneumococcal season (from July to June of consecutive years) because of known infection clusters during winter.
Microbiological investigations
Isolates were identified using standard procedures including bile solubility and optochin sensitivity. Pneumococcal isolates were serotyped by the Neufeld's Quellung reaction using type-and factor-specific antisera (Statens Serum Institut, Copenhagen, Denmark). Minimal inhibitory concentrations (MIC) testing was performed using the broth microdilution method as recommended by the Clinical and Laboratory Standards Institute (CLSI) [20] and current CLSI interpretative criteria were used to define antimicrobial resistance. Macrolide resistance was investigated using erythromycin or clarithromycin. To assess the development of penicillin (≤0.06 mg/l, − , ≥0.12 mg/l) and cefotaxime (≤0.5 mg/l, 1 mg/l, ≥2 mg/l) resistance, parenteral meningitis breakpoints were used. Streptococcus pneumoniae ATCC 49619 was used as a control strain.
Statistical methods
Statistical calculations were performed using R (version 3.0.1, 2013) and the Analysis ToolPak in MS Excel. Fisher's exact test was used to compare differences in proportion and two-sample t-tests were used to compare differences in percent distributions. All p-values reported are twosided. Adjustments for multiple comparisons were performed using the Dunn-Šidák correction, and the resulting β values, which determine the significance threshold, are included in the table legends. The season of vaccine introduction, 2006-07, was considered a transition period and taken out of consideration in the analyses.
Ethics and consent
An ethical approval or patients' consent was not required since the study only includes microbiological samples sent to the German National Reference Center for Streptococci on an anonymized basis by the sending microbiological laboratories, and did not involve human subjects or material.
Results
A total of 3,086 isolates from meningitis cases were collected, with 1,766 isolates (57.2%) from adults and 1,320 isolates (42.8%) from children. The mean age was 34.0 years (median 37 years; range 0-99 years). More isolates were obtained from male patients (55.0%) than from female patients (43.6%). For 1.4% of isolates no information on gender was available. The mean age among children was 2.8 years (median 1 year) and among adults 57.2 years (median 59 years). The isolates were obtained from CSF (2565) and blood (521). The absolute number of meningitis cases reported to NRCS per pneumococcal season varied between 8 and 121 (mean 62.9; median 66) for children, and between 26 and 183 (mean 84.1; median 56) for adults.
As expected, children were disproportionately more often affected by meningitis in the first years of life (Figure 1) , and the younger the child, the higher the risk: 484 cases occurred within the first year of life (15.7% of all cases), followed by 252 (8.2%), 116 (3.8%), 103 (3.3%), 69 (2.2%) and 44 (1.4%) cases for the next years of age, respectively.
After the introduction of conjugate vaccination, the proportion of meningitis cases among all reported 22,204 IPD cases changed for both children and adults. Among children, the percentage of meningitis showed a slightly decreasing trend (slope: −0.17) in the pre-PCV7 period (1997/98-2005/06 ; the first five seasons were taken out of this analysis because of the low number of reported cases). After vaccine introduction (2007/08-2012/13), a similar decreasing trend (slope: −0.16) was observed. The post-PCV7 trendline shows a significant drop when compared to the projected pre-PCV7 trendline (p<0.0001). Among adults, a decreasing trend in meningitis percentage was found in the pre-PCV7 period as well (1992/93-2005/06, slope: −0.32). Post-vaccination the decrease was also stronger (2007/08-2012/13, slope: −0.79), and the comparison between the projected pre-PCV7 trendline and the post-PCV7 trendline also reached statistical significance (p<0.0001) (Figure 2a and b) .
Data on serotypes were available for 3,051 isolates (98.9%), which were included for further analysis. The number of isolates from meningitis cases according to age groups (<2 years, 2-4 years, 5-15 years, 16-40 years, 41-64 years and ≥ 65 years) and PCV7 vaccine-type, PCV13-non-PCV7 vaccine-type (i.e. this includes only the six additional serotypes present in PCV13, as compared to PCV7) and non-PCV13 vaccine-type is shown in Figure 3 . Only pneumococcal seasons with a total number of ≥ 100 meningitis cases with information on serotypes available were included in the figure (2000/01-2012/13). A significant decline of PCV7 serotypes (p<0.0001) in the seasons following the introduction of the pneumococcal conjugate vaccines was observed for all children's and adults' age groups. The decline continued throughout the higher valent-PCV period (2009/10 -2012/13).
PCV13-non-PCV7 serotypes increased in all age groups after PCV7 introduction (2006/07-2008/09), with age groups <2 years and from 41-64 reaching statistical significance (p<0.0001 and p = 0.0108, respectively). All age groups showed a decrease after the start of higher-valent vaccination (2009/10-2012/13), with age groups <2 years old and 15-40 years old reaching statistical significance (p = 0.0051 and p = 0.0439, respectively).
The serotype distribution among pneumococcal meningitis isolates is shown in Table 1 through Table 2 . Overall, the leading serotypes were 14 (9.7%), 7F (7.8%), 3 (6.9%), 19F (5.7%) and 23F (5.0%). Among children, serotypes 14 (16.2%), 7F (8.9%) and 19F (7.1%) were most common, whereas among adults, serotypes 3 (9.6%), 7F (6.9%), 22F (5.0%), 23F (4.9%) and 14 (4.8%) were most prevalent.
When considering only the pre-PCV7 period (Table 1) , the most common serotypes in children were 14 (23.7%), 19F (9.3%), 6B (9.1%), 18C (8.5%), and 23F (6.8%); for adults, the most common pre-PCV7 serotypes were 23F (8.9%), 14 (7.9%), 4 (7.1%), 3 (7.1%), and 19F (6.0%). Of the most prevalent serotypes before vaccination, 14 (23.7% in children vs. 7.9% in adults, p<0.0001), and 18C (8.5% vs. 2.8%, p<0.0001) were significantly more common in children (age <16 years). Among adults, serotypes 3 (7.1% vs. 1.9%, p<0.0001), 9V (5.6% vs. 1.7%, p = 0.0001) and 22F (3.5% vs 0.6%, p = 0.0002), were significantly more prevalent.
The post-PCV7 period (Table 3 ) already showed a shift in serotype distribution with serotypes 7F (16.7%), 18C (7.9%), 1 (7.0%), 3 (4.8%), 6A (4.8%), and 14 (4.8%) becoming dominant in children, while 3 (12.8%), 7F (6.9%), 22F (6.3%), 6A (5.4%), 10A (5.0%) and 19A (5.0%) led among adult meningitis cases. In the post-PCV7 period, serotypes 7F (16.7% vs 6.9%, p = 0.0001) and 18C (7.9% vs 2.5%, p = 0.0011) were significantly more common in children than in adults, and serotype 3 remained significantly more common in adults (12.8% vs 4.8%, p = 0.0007).
The post-PCV13 period (Table 2) , which includes the higher-valent formulations of PCV, shows further changes to the serotype distribution in meningitis cases. Leading serotypes from children in this period were 7F (8.8%), 19A (7.2%), 10A (7.2%), 23B (7.2%), and 12F (6.2%); in adults, 23B (9.6%), 3 (9.4%), 7F (9.1%), 19A (6.6%), 22F (5.9%) and 12F (5.9%) occurred most often. In the post-PCV13 period, there were no serotypes that were significantly more prevalent in either children or adults.
When comparing the serotype distribution in the pre PCV7-period (1992/93-2005/06), the post PCV7-period (2007/08-2009/10) and the post PCV13-period (2010/11-2012/13), several changes were observed. Among children (Table 4) , serotypes 4, 6B, 14, 19F and 23F decreased significantly when comparing the pre-and post-vaccination periods (pre-PCV7 vs. post-PCV7 + post-PCV13, p-values less than β = 0.000732493). Among the six additional serotypes included in PCV13, only serotype 6A showed a decrease post vaccination, although it does not reach statistical significance. The comparison of the pre-PCV7 with the post-PCV7 period, however, shows that serotypes 1, 3, 6A, 7F and 19A all increased in the post-PCV7 period, with only serotype 7F reaching statistical significance, according to our very stringent criteria. However, comparing the post-PCV7 period with the post-PCV13 period showed a decrease in serotypes 1, 6A and 7F, with only serotype 1 reaching statistical significance. Non-PCV13 serotypes which increased significantly after the introduction of conjugate vaccines were 12F, 15C, 22F, 23B and 35B.
Among adults (Table 5) , a significant decrease of serotypes 4, 6B, 9V, 14, and 23F was observed after the start of childhood conjugate vaccination. Serotypes 1, 3, 7F and 19A increased post-PCV7 as compared to pre-PCV7, but not significantly. When comparing the post-PCV13 period to the post-PCV7 period, serotypes 1, 3 and 6A appear to decrease again, with serotype 6A approaching statistical significance. Serotypes 7F and 19A still showed an increase post-PCV13, but less pronounced (higher p-values). Non-PCV13 serotypes which increased among adults following the introduction of childhood-vaccination were 6C, 12F, 15B, 15C, 22F, 23A, 23B and 35B. Only the increase of serotype 23B reached statistical significance (p<0.0001).
In the pre-PCV7 era, theoretical serotype coverage of PCV7 for children was 62.5%, and for PCV10 and PCV13, the serotype coverage was 72.2% and 81.0%, respectively. The theoretical coverage of PPV23 was 85.1%. Among adults, coverage for the 7-, 10-, 13-and 23-valent vaccines was 43.5%, 49.9%, 65.5% and 80.7%, respectively. PCV13-non-PCV7 serotypes accounted for 18.4% and 22.0% of all serotypes in children and adults respectively. For all vaccines types, the coverage was higher among children than among adults (Table 6) .
During the post PCV7-and post-PCV13 period, the vaccine coverage for the 7-, 10-, 13-and 23-valent vaccines decreased to 0.0%, 1.6%, 11.5% and 52.5% for children, and 6.5%, 13.7%, 25.2% and 59.0% for adults in 2012/13 (PCV13-non-PCV7 serotypes decreased to 11.5% and 18.7% respectively). The decrease in coverage during the post-vaccination period was statistically significant for all three PCVs both for children and adults. For PCV13-non-PCV7 serotypes, there was an increase in the post-PCV7 period when compared to the pre-PCV7 period (reaching statistical significance for children, and near statistical significance for adults), followed by a decrease in children and adults in the post-PCV13 period. Since cross reactive serotypes were not included in the calculation, coverage information strictly refers to the serotypes included in the vaccines.
Detailed results of the antimicrobial susceptibility testing are shown in Table 7 . Generally, the differences in antibiotic susceptibility between children < 16 years and adults ≥ 16 years were low. Macrolides showed a significant difference when comparing rates of resistance in children (19.8%) against rates of resistance in adults (10.8%; 
Discussion
Here we present the results of 20 years of pneumococcal meningitis surveillance in Germany.
Some limitations must be considered when interpreting the results of this study. First, the isolates were sent by the participating laboratories on a voluntary basis, as IPD is not a notifiable disease in Germany which makes the system more vulnerable to under-reporting. Certainly, this would affect non-meningitis IPD more than meningitis, since the latter is a more severe condition. Furthermore, the systematic sampling of invasive isolates from adults (1992) and children (1997) was taken up at different times, and included population-based studies in three German federal states: North Rhine-Westphalia, started in 2001; Bavaria, started in 2006; Saxony, started in 2006. Moreover, the structure of the surveillance project has been continuously improved over the 20 years of the study period, particularly after the general recommendation of pneumococcal conjugate vaccination [21] , which led to increased disease awareness by both clinical microbiologists and pediatricians. The introduction of a web-based reporting system, Pneumoweb, in 2007 also contributed to an increased number of reported cases of IPD among adults, from 200-500 cases per season to over 2000 cases per season.
As expected [22] , we observed a peak incidence of pneumococcal meningitis in patients younger than two years. For both children and adults, the frequency of meningitis, measured as a fraction of total IPD, has been decreasing since the start of our surveillance. The fact that this decrease became stronger post PCV7-vaccination may indicate a beneficial effect of vaccination on the severity of pneumococcal disease: apparently, the serotypes remaining after vaccination are less capable of causing meningitis. The general decrease in frequency of pneumococcal meningitis among children since the general recommendation for PCV vaccination has been described by our group previously [23] . The herereported significant decrease of meningitis caused by PCV7 and PCV13 serotypes post-vaccination in children <2 years of age shows the effectiveness of these vaccinations in this age group. As we observed a decrease in PCV7 and PCV13 serotypes among older children and adults as well, our data suggest a strong herd protection effect.
Our data are in line with previous observations [2, 24, 25] and underline the efficacy of vaccination strategies to strengthen herd protection [26] . The apparent increase of meningitis cases among adults since 2006/07 is most likely due to enhanced surveillance, as described in our study limitations above.
According to our study, in the pre-PCV7 period, serotype 14 was the most prevalent serotype among meningitis Figure 3 Isolates from meningitis cases from 2000/01 to 2012/13 (n = 2,508) according to age groups and PCV7 vaccine-type (red), PCV13-non-PCV7 vaccine-type (blue) or non-PCV13 vaccine-type (green). The number of all meningitis cases is shown in black. The Y-axes of the figure are adjusted to the number of meningitis cases in each age group.
cases, followed in frequency by the serotypes 19F, 23F, 6B and 18C. Serotype 14 has been described to be the most frequent serotype in meningitis in Italy, Belgium and Brazil, and in Germany, among both children and adults [27] [28] [29] [30] [31] . Serogroups 6 and 23 have been previously described to be among the major players in pneumococcal meningitis [6, [27] [28] [29] . In the post-PCV7-and post-PCV13 periods, the serotype distribution drastically changed, with the vaccine serotypes loosing importance.
In the pre-PCV7 period, serotypes significantly more common in children in our study were serotypes 14 and 18C. Serotype 14 is among the serotypes often defined as 'pediatric serotypes' (6B, 9V, 14, 19F, and 23F) [32] , and serotype 18C is among the ten serotypes reported to be responsible for about 80% of IPD in children younger than 5 years [33] . Four of these six serotypes were among the most common in IPD among German children <16 years in the pre-vaccination period (serotype 14, 26.4%; 6B, 7.7%; 19F, 7.1%, 18C, 6.2%), as recently published by our group [30] . In the post-PCV7 period 7F appeared as Corrected for multiple comparisons using the Dunn-Šidák test (β = 0.001708316).
Significant P values are printed in bold.
significantly more prevalent serotype among children. In the post-PCV13 period there were no serotypes that were significantly more prevalent in either children or adults.
In the pre-vaccination period, among adults, serotypes 23F, 14, 3 and 4 were predominant, three of which were among the more common in IPD among adults ≥16 years in Germany (serotype 14, 14.3%; 3, 9.2%; 23F, 5.6%) [31] . Also here, the serotype distribution drastically changed in the post-PCV7-and post-PCV13 periods, with the vaccine serotypes loosing importance. In the post-PCV7 period only serotype 3 remained significantly more prevalent among adults.
In the pre-PCV7 period, serotypes 3, 9V and 22F were significantly more common in adults than in children and can be considered 'adult serotypes'.
A reduction in PCV7 vaccine serotypes was observed post-PCV7-vaccination in both children and adults but did not reach statistical significance in either category for every single PCV7 serotype. Among children, serotypes 9V (p = 0.1015) and 18C (p = 0.0186) both decreased, but the p-values did not meet our very stringent criteria. Among adults, the same was true for 19F (p = 0.0892) whereas 18C showed no significant change at all (p = 0.5094). This could indicate a reservoir for this serotype among adults. The increase of serotypes included in the higher-valent pneumococcal conjugate vaccines in both children and adults in the post-PCV7 period shows the rationale for introduction of these vaccines in Germany (PCV10: April 2009, PCV13 December 2009). In the post-PCV13 period, a decrease in serotypes 1, 6A and 7F in children, and in serotypes 1, 3 and 6A in adults was observed. Additionally, the observed increase in serotype 19A in the post-PCV7 period was much less pronounced in the post-PCV13 period. These shifts in serotype prevalence show that the increase in non-vaccine serotypes after introduction of PCV7 in childhood vaccination was, for a large part, caused by the serotypes that are included in PCV13, and thus, that the introduction of PCV13 has reversed these trends.
However, there is an increase of serotypes not included in any conjugate vaccine (and many serotypes not in the polysaccharide vaccine). As discussed before [24] , nonvaccine types have emerged after 2006. This pattern has been recently reported in the northern region of France, where introduction of the PCV7 vaccine showed success in the beginning, but was followed by a rebound of meningitis incidence to the pre-vaccination era [34] . As a substantial proportion of cases were due to serotypes covered by the PCV13 vaccine, the authors recommended the near-term introduction of higher-valent vaccines. Previous studies in children indicate that pneumococcal meningitis caused by non-PCV7 serotypes was associated with a lower lethality than PCV7 serotypes, while the incidence of neurological deficits was the same in both groups [35] . Moreover, Nigrovic and colleagues confirmed that S. pneumoniae is still the responsible pathogen in a substantial proportion of patients with bacterial meningitis in childhood, with half of them caused by non-PCV7-vaccine serotypes [36] . Obviously, serotypes not covered by pneumococcal conjugate vaccines have to be regarded as a persisting clinical threat, requiring increased efforts for the implementation of vaccines with broader coverage.
Comparing the theoretical serotype coverage for the pneumococcal vaccines among meningitis cases, and for all IPD cases in the era before pneumococcal conjugate vaccination, the coverage was similar both for children (7v, 62.5% vs. [30] . The significant decrease in serotype coverage for PCV7 and PCV13 post vaccination shows the impact of the childhood vaccination program on meningitis among children, as well as the resulting herd protection effect on meningitis among adults [21] . These findings are in line with the literature, as a decline in coverage following the introduction of pneumococcal conjugate vaccination has been described in other countries as well [2, 24] . In general, the prevalence of antibiotic-resistant pneumococcal isolates continues to increase worldwide [37, 38] , with relevant differences between countries and continents [39, 40] . According to the current CLSI guidelines [20] , different susceptibility breakpoints have to be applied for penicillin G with regard to meningitis and nonmeningitis cases. All isolates associated with meningitis that were formerly categorized as intermediate are now regarded as resistant, which results in higher resistance rates and should be kept in mind when interpreting surveillance studies on pneumococcal penicillin resistance [41, 42] . The difference concerning the macrolide nonsusceptibility among children and adults in our study can be attributed to the higher resistance rates among children observed in the years from 2000 to 2007 [43] . The introduction of childhood vaccination has reduced these rates significantly (p<0.0001), since most resistant isolates were found among vaccine serotypes. With regard to findings in other countries, the antibiotic sensitivity of S. pneumoniae isolates detected in Germany is still relatively low [4, 6, 24, [27] [28] [29] 44] . Based on serotype distribution, antimicrobial susceptibility and theoretical vaccine coverage among pneumococcal meningitis cases in Germany from 1992/93 to Corrected for multiple comparisons using the Dunn-Šidák test (β = 0. 001708316).
2012/13, our study shows the impact of PCV7 and PCV13 on clinical practice. These findings have to be considered in the context of the serious burden of disease as Streptococcus pneumoniae represents one of the most frequent pathogens in acute bacterial meningitis, often leading to sustained neurological deficits in survivors. In light of the relevance of the clonal and capsular types for the clinical pathogenicity of pneumococci [45] , our data suggest that the introduction of PCV7 and PCV13 in the German pediatric immunization program has had an important influence on the spectrum of pneumococcal meningitis across all ages. It remains to be clarified whether such differences, and the impact of vaccination programs, may also contribute to the heterogeneity of therapeutic responses in acute bacterial meningitis.
Conclusions
The serotype distributions among both children and adults showed drastic changes, with the vaccine-serotypes loosing importance. The reduction in prevalence of vaccine-serotypes among adults clearly suggests a herdprotection effect. Changes in serotype prevalence must be continuously monitored to observe future trends concerning pneumococcal meningitis. 
